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Michaela Brenner1, Sergio G. Coelho2, Janusz Z. Beer3, Sharon A. Miller3, Rainer Wolber4, Christoph Smuda4
and Vincent J. Hearing2
It is known that UV modulates the expression of paracrine factors that regulate melanocyte function in the skin.
We investigated the consequences of repetitive UV exposure of human skin in biopsies of 10 subjects with
phototypes 2–3.5 taken 1–4 years later. The expression of melanogenic factors (TYR, MART1, MITF), growth
factors/receptors (SCF/KIT, bFGF/FGFR1, ET1/EDNRB, HGF, GM-CSF), adhesion molecules (b-catenin, E-cadherin,
N-cadherin), cell cycle proteins (PCNA, cyclins D1, E2) as well as Bcl-2, DKK1, and DKK3, were analyzed by
immunohistochemistry. Most of those markers showed no detectable changes atX1 year after the repetitive UV
irradiation. Although increased expression of EDNRB protein was detected in 3 of 10 UV-irradiated subjects,
there was no detectable change in the expression of ET1 protein or in EDNRB mRNA levels. In summary, only
the expression of TYR, MART1, and/or EDNRB, and only in some subjects, was elevated at X1 year after UV
irradiation. Thus the long-term effects of repetitive UV irradiation on human skin did not lead to significant
changes in skin morphology and there is considerable subject-to-subject variation in responses. The possibility
that changes in the expression and function of EDNRB triggers downstream activation of abnormal melanocyte
proliferation and differentiation deserves further investigation.
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INTRODUCTION
The incidence of melanoma has tripled over the past three
decades probably as a result, at least in part, from lifestyle
changes that have led to an increased exposure of the fair-
skinned population to UV radiation (NCI Seer Statistics,
http://seer.cancer.gov/). Epidemiological and laboratory data
provide strong evidence that solar exposure is a major
causative factor in melanomagenesis (Gilchrest et al., 1999).
Emerging evidence suggests that there is a clear link between
tanning devices and malignant melanoma (International
Agency for Research on Cancer, 2007; Ting et al., 2007;
Clough-Gorr et al., 2008). Pathomechanisms for the devel-
opment of nonmelanocytic skin cancers have already been
revealed (Stary et al., 1997; Matsumura and Ananthaswamy,
2002), however, the exact mechanism(s) of UV-induced
melanomagenesis in the skin in situ remains unknown. AS
UV-fingerprint mutations are rare in melanomas, it has been
speculated that UV causes melanoma development by
indirect effects, for example, by dysregulation of growth
factors in the skin, as proposed in a human skin graft model
for UV-induced melanomas (Berking et al., 2004). We have
recently shown that UV modulates the production (by
keratinocytes and by fibroblasts in vitro) of growth factors
regulating melanocyte function (Brenner et al., 2005). UV is
presently the only known environmental carcinogen for
melanomas, however it is still controversial which wave-
lengths are critical. UVA has been shown to promote
melanoma in a hybrid fish melanoma model (Setlow et al.,
1993), whereas UVB promotes melanoma in several trans-
genic mouse models (Noonan et al., 2003).
There is an urgent need to determine the specific
mechanisms that are involved in photocarcinogenesis of
UV-irradiated human skin in situ. Numerous studies have
examined the effects of UV on skin cells in vitro, however
that experimental setting does not allow one to explore
interindividual differences such as skin phototype or minimal
erythema dose (MED). The examination of UV-induced
changes in UV-irradiated skin in situ, with respect to different
wavelengths and doses, provides a more suitable approach to
characterize UV photocarcinogenesis in the skin, particularly
with respect to early events in the malignant cascade.
Our group has previously reported several studies on the
acute effects of UV radiation on human skin of varying skin
pigmentation phenotypes. So far, we have shown that even a
single, relatively low (1 MED) UV dose (60% UVA/40% UVB)
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causes significant damage to DNA in epidermal cells and
stimulates the production of photoprotective melanin (Tado-
koro et al., 2003). Most UV-induced DNA damage is
removed relatively quickly (within days), however, some
UV-induced molecular changes might persist and could
initiate malignant transformation in the skin. Our earlier
studies examined only the short-term effects of UV on human
skin in situ. To extend our understanding of the long-lasting
and potentially photocarcinogenic effects of UV, we exam-
ined biopsies from sites exposed to repetitive UV irradiation
several years ago. In particular, we characterized the long-
lasting effects of UV on melanocytes and on keratinocytes.
We examined various potential morphologic and molecular
markers of malignant transformation in two different UV-
irradiated groups. One group of six subjects had been
repeatedly irradiated over several weeks at three different
cumulative doses with Sunlamps emitting a UV spectrum
commonly used in tanning salons (X95% UVA/p5% UVB)
whereas in another group, four different subjects had been
repeatedly irradiated over a period of 2 weeks with a solar
simulator (SS, X90% UVA/p10% UVB). The molecular
markers examined can be divided into six subgroups and
were selected due to their possible involvement in melano-
cyte transformation and/or because many previously pub-
lished studies have analyzed their responses in human skin
within 1 month of UV exposure:
a. Melanin content and several melanocyte-specific pro-
teins: microphthalmia transcription factor (MITF), mela-
noma antigen recognized by T-cells (MART1), tyrosinase
(TYR);
b. growth factors and their receptors: stem cell factor (SCF)/
KIT, basic fibroblast growth factor/fibroblast growth
factor receptor 1 (bFGF/FGFR1), endothelin 1/endothelin
B receptor (ET1/EDNRB), GM-CSF, and hepatocyte
growth factor (HGF);
c. cell cycle proteins: proliferating cell nuclear antigen
(PCNA), cyclins D1 and E2;
d. adhesion molecules: E- and N-cadherins, b-catenin;
e. the anti-apoptotic factor: B-cell lymphoma 2 (Bcl-2);
f. Wnt-pathway regulator dickkopf 1 (DKK1) and its
homologue dickkopf 3 (DKK3).
RESULTS
Morphological changes in epidermal structure
Subjects (listed in Table 1) from two independent studies
(Miller et al., 2008; Wolber et al., 2008) were invited to
return for reexamination more than 1 year after their initial
UV exposures. Areas previously irradiated were identified
using photos taken at the time of initial exposure, considering
surface features and in some cases, pigmented areas that still
remained.
Skin specimens from all subjects were stained with H&E
and were carefully examined by light microscopy for
morphological changes in the structure of the epidermis
and/or the dermis. No morphological changes were seen in
any UV-irradiated skin specimens or from the adjacent
unirradiated skin specimens (Figure 1). There were no signs
that could be correlated to any clinical aspect of a localized
sunburn reaction, such as a superficial inflammatory infiltrate
in the dermis or the presence of sunburn cells in the
epidermis. Special attention was paid to detect possible
changes in the density, distribution and/or localization
of melanocytes (for example, suprabasal localization of
melanocytes, formation of melanocyte cell nests). No
such changes were detected, although there was a significant
increase in melanocyte density in some subjects (see
below).
Visible pigmentation, melanin content, and expression of
melanogenic proteins after UV irradiation
To evaluate long-lasting changes in melanin content, the UV-
irradiated skin areas and the corresponding unirradiated
control tissues were examined visually and were biopsied
after more than 1 year after exposure. Repetitive UV
irradiation with the Sunlamp or with SS produced good early
tanning reactions in all subjects. However, only one subject
(T50) in the Sunlamp-irradiated group showed LLP in the
areas exposed to the intermediate or high cumulative UV
doses (Miller et al., 2008). Figure 2 shows such pigmentation
at 520 days after irradiation. None of the subjects in the SS-
irradiated group had visibly increased pigmentation in the
irradiated areas at the time of biopsy (Table 1).
The melanin content in each skin specimen was deter-
mined by quantitative densitometry of the Fontana–Masson
Table 1. Visible long-lasting pigmentation following UV irradiation
Group 1: Sunlamp
Days between final
UV exposure and biopsy
Long-lasting visible
pigmentation
Group 2:
SS
Days between final
UV exposure and biopsy
Long-lasting visible
pigmentation
T11 1310 No B1 406 No
T16 1282 No B2 402 No
T32 751 No B6 402 No
T35 730 No B8 406 No
T47 427 No
T50 520 Yes
Group 1 as detailed in Miller et al., (2008).
Group 2 as detailed in Wolber et al. (2008).
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stained sections (Figure 3). Only one subject (T50) in the
Sunlamp-irradiated group and one subject (B6) in the SS-
irradiated group showed significantly (Po0.05) increased
total amounts of melanin (Table 2).
There were no significant differences in the numbers of
MITF-positive cells compared to the unirradiated controls in
the UV-irradiated subjects. Although no difference could be
found between the UV-irradiated and the control specimens
in the number of MART1-positive cells in the Sunlamp-
irradiated group, two subjects (B6 and B8) showed signifi-
cantly higher (Po0.05) numbers of MART1-positive cells in
the SS-irradiated group. In the Sunlamp-irradiated group, a
significant increase in the number of TYR-positive cells
compared to the unirradiated control was only found in
subject T50, who was the only subject in either study group
with visible pigmentation remaining in the previously UV-
irradiated areas. In the SS-irradiated group, three out of four
subjects (B2, B6, and B8) showed significant (Po.05)
increases in the density of TYR-positive cells (Table 2;
Figure 3), although no visibly increased pigmentation was
noted in those previously UV-irradiated areas.
Expression patterns of markers in the skin after UV irradiation
Table 3 summarizes the molecular markers examined and
their long-term responses to UV irradiation and examples of
the staining patterns are shown in Figure 4.
Growth factors and their receptors. In the skin specimens
examined, SCF, bFGF, and ET1 were expressed in the basal
epidermal layer. Between different samples, the staining
With UVUnirradiated
Figure 1. Histomorphological analysis of skin specimens after UV
irradiation. (a) Histologically, no morphological changes were detectable in
the UV-irradiated skin specimens (left) or unirradiated controls (right);
specimens from B6 are shown as an example. (b) Interindividual differences
in skin morphology and melanin content were seen (subjects B2 and B6 are
shown as examples, top and bottom, respectively). Bars¼ 50mm.
CtrlHigh
LowMed
T47
LowHighCtrlMed
T50
Figure 2. Residual increased pigmentation in 2 subjects. Subject T47 is
shown as an example where no residual pigmentation is observed (photo
taken at 427 days after exposure).
MITF
TYR
MART-1
Melanin
Unirradiated With UV
Figure 3. Analysis of differences in melanin content and expression of
melanogenic proteins after UV irradiation. Significant increases were noted
in melanin content in the skin of 4 of 10 subjects following UV irradiation,
whereas differences in the density of MART1-positive cells were seen in 2 of
10 subjects, in the density of TYR-positive cells in 4 of 10 subjects, but no
differences were seen in the density of MITF-positive cells (B6 is shown as an
example for all four markers). Bars¼50 mm.
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intensity ranged from weak to moderate, but overall, no
marked differences in expression could be detected between
UV-irradiated and control specimens from either protocol.
KIT expression was detected in all samples and showed a
strong regular pattern of staining in the basal layers of the
epidermis. FGFR1 staining was weak and was restricted to the
basal epidermal layer. Expression of HGF could not be
detected in the epidermis of any skin sections examined. GM-
CSF expression in the skin showed irregular patterns, with
some specimens showing basal expression and others
showing dispersed expression throughout the whole
epidermis (Figure 4). Two of the six subjects in the
Sunlamp-irradiated group (T35 and T47) and one of the four
subjects in the SS-irradiated group (B6) showed marked
differences in the expression of EDNRB in the basal
epidermal layers compared to the unirradiated controls. We
used a tissue array with 39 melanoma samples as a positive
control for EDNRB (Figure 5).
Tissue in situ hybridization for EDNRB mRNA in the
Sunlamp- or SS-irradiated skin showed cytoplasmic staining
mainly in the basal epidermal layers, but no marked
difference in EDNRB mRNA expression between the UV-
irradiated and control skin (Figure 5).
Adhesion molecules. All skin specimens were examined for
expression of various adhesion molecules (b-catenin, E- and
N-cadherins). b-Catenin showed a regular strong cytoplasmic
staining pattern throughout the whole epidermis with no
Table 2. Characteristics of skin pigmentation
following UV irradiation
Differences in
Group 1:
Sunlamp
irradiated
Group 2: SS
irradiated
Melanin content 1/6 1/4
Integrated density stain/area
(mean) (control/UV)
T11 (8.0/8.1) B1 (6.2/7.1)
T16 (8.9/9.4) B2 (16.3/15.1)
T32 (4.5/5.5) B6 (13.0/18.2)*
T35 (10.2/10.9) B8 (8.1/7.4)
T47 (5.4/5.1)
T50 (6.1/9.5)*
Density of MITF-positive
cells per mm (average)
(control/UV)
0/6 0/6
T11 (46/50) B1 (17/12)
T16 (35/30) B2 (18/32)
T32 (34/39) B6 (62/71)
T35 (36/37) B8 (44/32)
T47 (19/22)
T50 (23/26)
Density of MART1-positive
cells per mm (average)
(control/UV)
0/6 2/4
T11 (45/44) B1 (25/27)
T16 (36/37) B2 (27/27)
T32 (43/41) B6 (62/111)*
T35 (34/36) B8 (18/41)*
T47 (20/18)
T50 (24/22)
Density of TYR-positive
cells per mm (average)
(control/UV)
1/6 3/4
T11 (39/42) B1 (34/35)
T16 (31/34) B2 (23/36)*
T31 (41/39) B6 (51/83)*
T35 (35/33) B8 (21/43)*
T47 (22/20)
T50 (16/28)*
MART1, melanoma antigen recognized by T-cells; MITF, microphthalmia
transcription factor; TYR, tyrosinase.
*Po0.05.
Table 3. summary of staining patterns of various
markers after UV irradiation
Group 1:
Sunlamp Control Group 2: SS Control
Ligands and receptors
SCF + + + +
KIT ++ ++ ++ ++
bFGF + + + +
FGFR1 + + + +
ET1 ++ ++ ++ ++
EDNRB ++ (2/6)/+ ± ++ (1/4)/+ ±
HGF    
GM-CSFa ++a ++a ++a ++a
Adhesion molecules
b-Catenin +++ +++ +++ +++
E-Cadherin +++ +++ +++ +++
N-Cadherin    
Cell cycle Proteins
PCNA ++ ++ +++ (B6)/++ ++
Cyclin D1    
Cyclin E2    
Other proteins
Bcl-2 + + + +
DKK1    
DKK3 ++ ++ ++ ++
Bcl-2, B-cell lymphoma 2; bFGF, basic fibroblast growth factor; DKK,
dickkopf; EDNRB, endothelin B receptor; ET1, endothelin 1; FGFR1,
fibroblast growth factor receptor 1; HGF, hepatocyte growth factor;
PCNA, proliferating cell nuclear antigen; SCF, stem cell factor.
All tissue sections were read by the same investigator (MB). The Table
shows an overall picture of the staining patterns with various markers after
UV irradiation. Staining intensity and extent was graded as:  (no
staining), + (weak staining intensity and small area stained), ++ (moderate
staining intensity and middle-size area stained) or +++ (high staining
intensity and large area stained). The cut-off to classify staining as positive
was 1%, i.e., at least 1% of the epidermis stained positively as detected by
immunohistochemistry.
aIrregular staining pattern.
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changes in the expression between UV-irradiated and
unirradiated skin. No nuclear staining pattern could be
detected. In all skin specimens, E-cadherin was expressed in
a regular strong cytoplasmic pattern throughout the epidermis
and no marked differences between UV-irradiated and
control specimens were found. N-cadherin expression could
not be detected (Figure 6).
Cell cycle proteins. Skin specimens were analyzed for
expression of the proliferative index of PCNA, cyclins D1
and E2. Neither cyclin D1 nor cyclin E2 showed a positive
staining. PCNA expression showed no differences between
UV-irradiated and control specimens, except for one subject
(B6) in the SS-irradiated group. A clearly higher nuclear
staining for PCNA was found in that specimen, however,
double staining with TYR revealed that mainly keratinocytes,
but not melanocytes, showed the increased expression of
PCNA (Figure 6).
DKK1, DKK3, and Bcl-2. DKK1 could not be detected in any
skin specimen examined, UV irradiated or unirradiated.
DKK3 expression showed a regular and strong expression
pattern in the upper epidermal layers but did not exhibit any
significant changes in response to UV irradiation. Bcl-2
immunoreactivity was found in melanocytes in the basal cell
layer of the skin as expected, but no marked differences in the
GM-CSF
ET-1
FGFR-1
bFGF
c-KIT
SCF
With UVUnirradiated
Figure 4. Immunohistochemical analysis of differences in expression of
growth factors and their receptors after UV irradiation. Staining intensity
ranged from weak to moderate, but overall there were no marked differences
in the expression of SCF, KIT, bFGF, FGFR1, ET1, or GM-CSF between UV-
irradiated and unirradiated control specimens (B6 is shown as an example for
all six markers). Bars¼ 50 mm.
Negative controlWith UV
With UV
Unirradiated
Unirradiated
With UVUnirradiated
EDNRB
EDNRB
EDNRB
EDNRB
Figure 5. Analysis of differences in EDNRB expression after UV irradiation.
(a) Differences in EDNRB expression were noted in 2 of 6 subjects (T35 and
T47, top and middle, respectively) in the Sunlamp-irradiated group and in one
of four subjects (B6, bottom) in the SSR-irradiated group; (b) Three different
specimens on the melanoma tissue array were positive for EDNRB expression;
(c) Tissue in situ hybridization for EDNRB mRNA showing basal expression
but no differences between UV-irradiated and unirradiated control specimens
(subject T35 shown as an example). Bars¼ 50 mm.
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expression of Bcl-2 was noted between UV-irradiated and
unirradiated specimens (Figure 6).
DISCUSSION
In the past, many in vitro and in vivo experiments have been
conducted to characterize the carcinogenic effects of UV
radiation on human skin cells. In vitro studies with human
melanocytes (Young et al., 1998b; Bittner et al., 2000; Clark
et al., 2000; Hipfel et al., 2000; Valery et al., 2001) and
in vivo studies on human skin have examined the effects of
short-term UV irradiation (Tronnier et al., 1997; Young et al.,
1998a; Mass et al., 2003; Tadokoro et al., 2003; Hachiya
et al., 2004) but so far there have been no studies about the
long-lasting effects of UV. Some in vivo studies have
examined molecular changes of atypical nevi (melanoma
precursor lesions; Wang et al., 1996), but it has been
estimated that melanomas mainly arise in the skin de novo
and in only 30% of melanocytic nevi (Wolff et al., 2005).
In our study, we tried to identify long-lasting molecular
changes in human skin in situ many months after the initial
repetitive UV irradiation. The analysis was mainly based on
immunohistochemistry techniques and was completed by
tissue in situ hybridization for the analysis of EDNRB mRNA.
Although this approach allowed the analysis of a consider-
able number of molecular factors it does not permit
quantitative analysis of protein and/or RNA expression. We
analyzed melanin content using Fontana–Masson staining
and melanocyte density using antibodies to melanocyte-
specific markers, such as MITF, MART1, and TYR. Earlier, we
reported the results of three clinical studies measuring
melanocyte density after UV irradiation that showed sig-
nificant increases to levels about threefold higher than in
unirradiated skin at up to 5 weeks after irradiation and that
increase was consistent with the increased melanin content
(Tadokoro et al., 2003, 2005; Yamaguchi et al., 2006). In this
study, a significant increase in MART1-positive melanocytes
in 2 of 10 subjects and a significant increase in TYR-positive
melanocytes in 4 of 10 subjects was found, although only 1 of
those subjects still showed a visibly increased pigmentation
in the UV-irradiated area. This indicates that the activation of
melanocytes might persist much longer than the UV-induced
pigmentation or the acute UV-induced changes in cell
morphology.
As there are a wide variety of other possible genes of
interest and their corresponding encoded proteins, we
focused our analysis on representatives of five major groups
of proteins where changes in expression could be involved in
the transformation of melanocytes. The growth factors (and
their cognate receptors) SCF/KIT, bFGF/FGFR1, ET1/EDNRB,
GM-CSF/GM-CSFR, and HGF/MET, are part of the paracrine
network between melanocytes and keratinocytes/fibroblasts
(Imokawa, 2004; Yamaguchi et al., 2007; Brenner and
Hearing, 2008). SCF and ET1 are highly mitogenic for human
melanocytes (Imokawa et al., 1996a; Grichnik et al., 1995,
1998). The expression of KIT, the cognate receptor for SCF, is
downregulated with progression in melanoma cell lines and
tumors (Montone et al., 1997). Recently, it was shown that
SCF and KIT are frequently expressed by melanomas and by
dysplastic nevi suggesting an autocrine growth factor
mechanism (Giehl et al., 2007). Also reported recently are
studies showing that bFGF, SCF, and ET3 may be involved in
melanomagenesis (Berking et al., 2004). FGFR1 is the
cognate receptor for bFGF and the coexpression of FGFR1
and bFGF in melanoma cells was reported to be associated
with increased microvessel density (Straume and Akslen,
2002).
In contrast to KIT expression, which is gradually lost
during the transformation of melanocytes to malignant
melanoma, EDNRB expression is greatly enhanced and can
serve as a marker of melanoma progression (Loftus et al.,
1999; Bittner et al., 2000; Demunter et al., 2001). Those
results and the finding that ET1 production by keratinocytes is
increased following UV irradiation (Ahn et al., 1998) suggest
that EDNRB as well as its ligand, ET1, contribute to
melanomagenesis and progression (Demunter et al., 2001;
Lahav, 2005). Increased EDNRB expression, probably
coupled with epidermal hypersecretion of ET1, could be a
first step to generate local populations of melanocytes with
DKK3
Bcl-2
PCNA
PCNA
E-Cadherin
β-Catenin
Unirradiated With UV
PCNA / TYR
Figure 6. Immunohistochemical analysis of differences in expression of
various markers after UV irradiation. Examples of staining patterns in UV-
irradiated specimens (right) and in unirradiated controls (left). b-Catenin
(subject B6), E-cadherin (subject B6), PCNA (subject B1), PCNA (subject B6,
double-stained for TYR in red on far right), Bcl-2 (subject T47), and DKK3
(subject B2). Bars¼ 50 mm.
www.jidonline.org 1007
M Brenner et al.
Long-Term UV-Induced Molecular Changes in Human Skin
the potential to escape from the epidermis if further changes
occur (for example, loss of E-cadherin). EDNRB has been
recently reported to be upregulated in solar lentigos (Aoki
et al., 2007), which is consistent with the findings of our
study, and suggests that overexpression of that receptor may
result from chronic UV exposure and may be involved in the
increased pigmentation of human skin following UV. One
study in human skin in vivo showed an early increase in SCF
and KIT mRNA expression and a subsequent increase in the
expression of TYR, ET1, and EDNRB mRNA and protein 7–10
days after 2 MED UVB irradiation (Hachiya et al., 2004).
HGF is a multifunctional cytokine, which, among other
activities, acts as a growth factor for melanocytes. It has been
shown that UVB irradiation leads to melanomas in neonatal
HGF-transgenic mice (Noonan et al., 2001). HGF, which is
expressed by fibroblasts and by melanoma cells, but not by
normal melanocytes (Iyer et al., 1990; Rosen et al., 1994; Li
et al., 2001) could not be detected in the epidermis of our
skin specimens. GM-CSF has been shown to be secreted from
keratinocytes after UVA (Imokawa et al., 1996b) or UVB
irradiation (Hirobe et al., 2004) and might play an important
role in regulating the proliferation and differentiation of
human melanocytes after UV irradiation.
In our study, we could not detect any marked differences
between the UV-irradiated skin and the unirradiated controls
in long-term follow-up specimens regarding the expression of
SCF, KIT, GM-CSF, bFGF, FGFR1, or ET1 in the epidermis.
However, in 3 of 10 subjects, a clearly increased expression
of EDNRB protein was detected in the irradiated skin;
however, that was not detected at the mRNA level. Whether
the increased expression of EDNRB in some of our subjects
might predict an increased risk for skin cancer further in the
future deserves a longer term follow-up study.
b-Catenin is a potent mediator of growth for melanoma
cells and plays a dual role in cells, in cadherin-mediated cell
adhesion (Steinberg and McNutt, 1999) and in the Wnt
signaling pathway (Morin, 1999). E-cadherin, which is a
tumor invasion suppressor, is downregulated in most
melanoma cells, and this renders them refractory to
keratinocyte-mediated control and enhances their capability
for invasion (Hsu et al., 2000). Staining for E-cadherin and for
b-catenin resulted in strong staining patterns; however, no
differences in their expression in UV-irradiated skin and in
unirradiated controls were detected. Also, no expression of
N-cadherin could be detected, which might indicate that
changes in adhesion molecules occur in late stages of
melanomagenesis and are signs of the invasive behavior of
malignant skin cells.
Dysregulation of the cell cycle is a hallmark of tumor
progression and increased proliferative activity of tumor cells
is an important prognostic marker in many human cancers.
Proliferation is regulated by the formation, activation, and
degradation of a series of cyclins. Widely used immunohis-
tochemical markers to assess cell proliferation include PCNA
and Ki-67 (Linden et al., 1992). In 1 of our 10 UV-irradiated
skin specimens, a strong increase in PCNA expression in
keratinocytes, but not in melanocytes, was detected. We
could not detect any changes in the expression of cyclin D1
or cyclin E2 in the UV-irradiated skin, which is possibly due
to the fact that UV-induced changes in cell cycle proteins are
early events that might already be removed at this late
timepoint (41 year).
DKK1, a secreted protein preferentially expressed by
palmoplantar fibroblasts in the dermis, inhibits melanocyte
growth and differentiation through canonical Wnt signaling,
b-catenin expression, and MITF function (Yamaguchi et al.,
2004). In contrast, DKK3, which is expressed at higher levels
in fibroblasts in nonpalmoplantar dermis, has no effect on
melanocyte growth and function (Yamaguchi et al., 2005).
The potential role(s) of DKK proteins in melanoma is totally
unknown. An analysis of the expression profile of UVB
responses in normal human melanocytes detected a 4two-
fold induction of DKK1 gene expression after UVB irradia-
tion; however, in many melanoma cell lines a loss of DKK1
expression has been reported (Yang et al., 2006). A recent
study found a strong reduction of DKK3 expression in human
primary melanomas and metastases compared to normal skin
(Kuphal et al., 2006). In our study, DKK1 could not be
detected in the nonpalmoplantar skin that was UV irradiated
(confirming our earlier studies), whereas DKK3 expression
showed a regular pattern in the upper epidermal layers and
did not exhibit any significant changes in response to UV
exposure.
We characterized the expression of Bcl-2 as it represents
the prominent marker within the large Bcl-2 family and
numerous studies have been published regarding the effects
of UV irradiation on human skin with respect to Bcl-2
expression. In our study, Bcl-2 immunoreactivity was found
predominantly in the basal cell layer of the skin specimens.
One study that analyzed human skin in situ 6 hour after a
single SS irradiation found a transient reduction of B40% in
the expression of Bcl-2 (Isoherranen et al., 1999). We could
not detect any significant differences in the expression of
Bcl-2 between UV-irradiated and unirradiated skin. Regard-
ing the expression pattern of Bcl-2 after UV exposure, the
literature is contradictory. One in vitro study described an
induction of Bcl-2 at the mRNA level, but not at the protein
level after UVB (Bivik et al., 2005). In vitro studies on human
melanocytes revealed no changes in expression of Bcl-2 after
UVA or UVB irradiation (Kim et al., 2000; Zhang and
Rosdahl, 2003), whereas other groups reported that Bcl-2
levels decrease after UV irradiation (Im et al., 1998;
Isoherranen et al., 1999; Kadekaro et al., 2003).
In summary, among the 20 factors examined, only
MART1, TYR, and EDNRB protein expressions, and only in
some subjects, were elevated atX1 year after UV irradiation.
These findings suggest that the long-term effects of repetitive
UV irradiation on human skin in these studies do not lead to
significant changes in skin morphology and there is
considerable subject-to-subject variation in effects on skin
pigmentation. The possibility that changes in the expression
of the EDNRB protein trigger downstream activation of
abnormal melanocyte proliferation and, considering the key
role of the melanocortin system in regulating human skin
pigmentation, the long-lasting UV-induced molecular
changes in the expression of factors such as proopiomelano-
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cortin, proopiomelanocortin-derived peptides and melano-
cortin 1 receptor, also deserves further investigation.
MATERIALS AND METHODS
Study subjects, UV irradiation, and dosimetry
This study involved volunteer subjects with skin phototypes 2–3.5, as
shown in Table 1, and was approved by the Research Involving
Human Subjects Committees of the US Food and Drug Administra-
tion and Beiersdorf AG. Written informed consent was obtained
from each donor and the study was conducted according to the
Helsinki guidelines. Each subject’s MED was determined prior to the
start of the experiment, as detailed in Miller et al. (2006, 2008),
Wolber et al. (2008), Yamaguchi et al. (2008b). Subjects did not
receive significant UV exposure between the times of the initial
experimental irradiation and the long-term biopsies.
Group 1: Sunlamp. Six subjects (T11, T16, T32, T35, T47, and
T50), from the study detailed in Miller et al. (2008), were studied
with long-term follow-up. For the repetitive Sunlamp-irradiation
protocol, a 12-lamp tanning bed canopy (X95% UVA, p5% UVB)
was used and monitored as previously detailed (Miller et al., 2008).
Three different repeated UV exposure regimens were used over the
course of 3–4 weeks on the back of each subject. Cumulative doses
were 1,900 Jm2, 2,900 Jm2, and 4,200 Jm2 for low, medium and
high dose exposure regimens, respectively.
Group 2: SS. Four subjects (B1, B2, B6, and B8, from Wolber et al.
(2008), were studied with long-term follow-up. For the repetitive SS-
irradiation protocol, an Oriel 1600W SS was used and doses were
monitored as previously detailed (Schlenz et al., 2005; Miyamura
et al., 2007; Wolber et al., 2008). Irradiations were given a total of
10 times over 2 weeks on 5 consecutive days with cumulative doses
that ranged between 333 and 1,030 Jm2. Irradiation doses varied
between individuals depending on each subject’s MED to induce
comparable tanning.
Biopsies and immunohistochemical analysis
Skin biopsies were taken from the control and UV-exposed sites at
various times after the last UV exposure. Each biopsy was placed
dermis side down on a Millipore filter and was then fixed in 4%
formaldehyde, embedded in paraffin, sectioned at 3 mm thickness,
mounted on silane-coated glass slides, and then stained using
immunohistochemistry, as previously described (Yamaguchi et al.,
2004, 2006). Briefly, specimens were deparaffinized twice with
xylene for 5minutes and were then dehydrated with a graduated
series of ethanol, followed by antigen retrieval via boiling in antigen
unmasking solution (Vector Laboratories Inc., Burlingame, CA)
for 12minutes. For antigens expressed in low abundance, 1mM
EDTA-heat antigen retrieval was used. Specimens were subsequently
incubated with 10% goat, 10% horse, or 10% donkey serum (Vector
Laboratories) for 30minutes at 37 1C, as appropriate, and then with
primary antibodies in 5% goat serum (5% horse or 5% donkey
serum, respectively) at 4 1C overnight. Secondary antibodies were
used as appropriate for the primary antibody, Alexa Fluor 488/594
anti-mouse, anti-rabbit, or anti-goat IgG (Hþ L) (at 1:500 dilution;
Molecular Probes Inc., Eugene, OR). Staining was analyzed using a
Leica DMRB/DMLD fluorescence microscope, and an internal
control was used each time to control for reproducible antibody
staining. Negative controls omitting the primary antibody were
performed each time.
Protein expression using the following antibodies was measured:
SCF antibody (at 1:10 dilution; R&D Systems, Minneapolis, MN),
SCF R/KIT antibody (at 1:100 dilution; R&D Systems), bFGF antibody
(at 1:10 dilution; R&D Systems), FGFR1 antibody (at 1:100 dilution;
Abcam Inc., Cambridge, MA), ET-1 antibody (at 1:200 dilution;
Abcam Inc.), EDNRB antibody (at 1:100 dilution; Abcam Inc.), GM-
CSF antibody (at 1:20 dilution; R&D Systems), HGF antibody (at 1:10
dilution; R&D Systems), PCNA antibody (at 1:200 dilution; Dako
Inc., Carpinteria, CA), cyclin D1 antibody (at 1:20 dilution; Zymed
Laboratories, South San Francisco, CA), cyclin E2 antibody (at 1:20
dilution; Cell Signaling Technology, Beverly, MA), E-cadherin
antibody (at 1:100 dilution; Takara Bio Inc., Shiga, Japan), N-
cadherin antibody (at 1:10 dilution; Dako Inc.), b-catenin antibody
(at 1:100 dilution; Cell Signaling Technology), Bcl-2 antibody
(at 1:20 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA),
DKK-1 antibody (at 1:50 dilution; R&D Systems), and DKK-3
antibody (at 1: 100 dilution; R&D Systems).
Tissue in situ hybridization
Tissue in situ hybridization was performed as previously detailed
(Valencia et al., 2006; Passeron et al., 2007a, b). Oligonucleotide
probes specific for human EDNRB were designed, and target sites
were selected based on the analysis of sequence matches and
mismatches BLAST (GenBank). Probes showed no evidence of cross-
reaction with sequences of other genes including other ETR family
genes. Optimal results were obtained with the following probes:
sense primer 50-CATACGATTTAGGTGACACTATAGgccatttggagct
gagatgt-30; antisense primer 50-GCGCGTAATACGACTCACTATA
GGGgacaaggaccaggcaaaaga-30. The probes were 30 tailed with
digoxigenin-11-dUTP with a DIG RNA labeling kit (Roche, Basel,
Switzerland), according to recommendations of the manufacturer.
Briefly, after deparaffinization and rehydration, skin sections were
immersed in antigen retrieval solution and heated in a microwave for
12minutes then cooled for 20minutes. Slides were then washed in
glycine solution (2mgml1 in phosphate-buffered saline) for
10minutes, washed twice in phosphate-buffered saline, and then
placed in 200ml acetylation buffer (0.1 M triethylamine, pH 8.0,
containing 0.25% acetic anhydride) for 15minutes. After further
washing in 4 SSC for 10min, samples were incubated in
prehybridization solution (2 SSC, 50% deionized formamide) for
1 hour at 47 1C. After overnight hybridization at 47 1C, samples were
placed in hybridization solution (Mutsuga et al., 2004) containing
10 ml purified DIG-labeled antisense riboprobe. Samples were then
incubated in 10mM Tris-HCl, 0.5 M NaCl, and 0.25mM EDTA (TNE)
buffer, treated with RNaseA for 30minutes, and returned to TNE
buffer for 3minutes, all at 37 1C. After washing in 0.1 SSC for
15minutes at 47 1C, samples were blocked for 30minutes and
incubated with anti-DIG/HRP conjugate (Dako) for 40minutes at
room temperature. The tyramide signal amplification system
(GenePoint kit; Dako) was used with VIP solution (Vector
Laboratories) according to the manufacturers’ instructions. Samples
were observed and photographed in a Leica DMRB microscope.
Melanocyte density and melanin content
Melanocytes were counted following staining for tyrosinase,
MART1, and MITF, and their density along the epidermal/dermal
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border was determined as cells per mm. Primary antibodies used
were aPEP7 h (at 1:750 dilution) to detect tyrosinase (Yamaguchi
et al., 2004) and Ab3 (at 1:100 dilution; NeoMarkers, Fremont, CA)
to detect MART1. Fluorescence intensities for antibodies detecting
melanocyte-specific markers were normalized against 4’-6-diamidi-
no-2-phenylindole staining.
For measurements of melanin content, specimens were stained
by the Fontana–Masson method (Bancroft and Stevens, 1982).
Transmitted light intensity was measured by the Leica DMRB\
DMLD microscope and ScionImage software was used to analyze
melanin quantity from integrated density in the skin sections, as
previously described (Yamaguchi et al., 2006, 2008a). Five
randomly selected areas of each specimen were photographed and
quantitated.
Statistical analyses
Statistical analysis was performed using Microsoft Office Excel
Analysis Toolpak. Statistical differences between irradiated speci-
mens and controls were determined by Student’s t-test with a two-
tailed distribution (two-sample unequal variance). A Po0.05 is
defined as significant.
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